INTRODUCTION
Insulin secretion from β-cells within islets of Langerhans is a complex process that is governed by an interaction of glucose metabolism and intracellular Ca 2+ . Glucose that enters the cell is metabolized, resulting in production of ATP that closes ATPsensitive K + channels (K ATP ), in turn allowing depolarization of the plasma membrane and entry of Ca 2+ through voltage-dependent Ca 2+ channels. Ca 2+ triggers exocytosis of vesicles that contain insulin:Zn 2+ complexes, allowing release of insulin into the extracellular space. Controlling and augmenting this basic secretion mechanism are many other regulatory processes that result in complex dynamics of secretion and intracellular [Ca 2+ ] ([Ca 2+ ] i ) changes that include an initial burst of secretion (first phase) followed by sustained lower rate of secretion (second phase release) upon exposure to step changes in glucose concentration. In addition, during sustained exposure to stimulatory glucose concentration, insulin secretion from islets and groups of islets is pulsatile. Inherent oscillatory secretion from islets, observable in vitro (1) (2) (3) , is believed to underlie pulses in insulin concentration seen in the bloodstream (4, 5) . Pulsatile secretion may be important for optimization of insulin signaling, and defects in oscillations may be associated with diabetes (6, 7) . Further study of the interaction of regulatory species, such as Ca 2+ , and secretion is required to unravel the mechanisms that result in these complex dynamics. An improved understanding of insulin secretion is of biomedical significance because development of defects in insulin secretion is a critical step in development of type 2 diabetes.
A variety of techniques have been used to monitor secretion from pancreatic β-cells, including reverse-hemolytic plaque assays (8) , amperometry (9) , and immunoassays of islet cell perfusate (1, 2, 10) . Indirect measures of secretion, such as capacitance (11, 12) or amperometry of 5-hydroxytryptamine (5-HT) that is "preloaded" into the vesicles (13, 14) , have been used as well. While these techniques are valuable for studying insulin secretion, the complex kinetics of secretion demand improved methods for monitoring and observing secretion. For example, oscillations in secretion from whole islets imply that groups of cells may be synchronized in their secretory pattern. (20) . In this case, however, the cells must be preloaded with 5-HT and measurements cannot be spatially correlated.
Techniques for imaging secretion may provide the opportunity to address some of the shortfalls of other methods. Potentially useful approaches to imaging secretion include fusing fluorescent proteins to insulin-containing granules (21) and using polar dyes to detect vesicular openings (22) . We have recently demonstrated the possibility of detecting secretory products based on a fluorgenic reaction between an extracellular indicator and a secreted product. This method has been used for imaging Zn 2+ secretion from single β-cells (23, 24 
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MATERIALS AND METHODS
Materials
FluoZin-3 was prepared at Molecular Probes (Eugene, OR, USA) as previously described (24) . Type XI collagenase, HEPES, nifedipine, and thapsigargin were obtained from Sigma (St. Louis, MO, USA). Unless otherwise stated, all chemicals for islets and cell culture were obtained from Invitrogen (Carlsbad, CA, USA). All other chemicals were from Fisher (Pittsburgh, PA, USA) unless noted and were of the highest purity possible.
Isolation of Mouse Islets and β-Cells
Pancreatic islets were isolated from CD-1 mice following ductal injection with collagenase and were dispersed into cell clusters by shaking in dilute trypsin for 8 min at 37°C. Islets or cells were plated onto 25-mm diameter coverslips in tissue culture dishes (Corning, Corning, NY, USA) and incubated in RPMI 1640 medium containing 10 mM glucose, 10% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37°C, 5% CO 2 , pH 7.4.
Confocal Imaging
All imaging experiments were performed on a RCM 8000 laser scanning confocal microscope (Nikon, Melville, NY, USA) with a Model 622 argon-ion laser (Coherent, Santa Clara, CA, USA). A Nikon 40×, 1.15 numerical aperture (NA), UV-corrected water-immersion objective was used for imaging dispersed cells, and a Nikon 20×, 0.75 NA objective was used for imaging single islets. Buffer with minimum Zn 2+ level for imaging was prepared as previously described (25) . Briefly, Kreb's Ringer buffer (KRB; 118 mM NaCl, 5.4 mM KCl, 2.5 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 20 mM HEPES, 3.0 mM D-glucose) was prepared with all ingredients except Ca 2+ and Mg 2+ salts, and the buffer was treated with Chelex ® -100 (Bio-Rad, Hercules, CA, USA) for 2 h (5 g Chelex-100/100 mL of buffer). The pH of the buffer was adjusted to 7.4 after Chelex-100 treatment, and puratronic grade CaCl 2 and MgCl 2 (Alfa Aesar, Ward Hill, MA, USA) were added to the final concentrations. During all experiments, glass containers were avoided to minimize metal contamination.
Cells or islets to be imaged were bathed in buffer containing 2 µM FluoZin-3 and maintained at 37°C on the stage of the microscope by a microincubator (Medical Systems, Great Neck, NY, USA). For cell cluster experiments, clusters of 2-50 cells were used. For imaging cell clusters, the buffer was titrated with a high affinity nonfluorescent Zn 2+ chelator, tetrakis-(2-pyridylmethyl) ethylenediamine (TPEN; Molecular Probes) to deplete the trace amount of Zn 2+ present in the buffer and reduce background fluorescence. The typical final concentration of TPEN in the buffer was approximately 200 nM. For imaging islets, the buffer was used without addition of TPEN. For short periods of stimulation, secretagogues were applied to the cells by pressure ejection at 3-6 pounds per square inch (psi) from micropipets positioned approximately 60 µm from the cells (26) . Stimulation solutions contained the same concentration of FluoZin-3 as the bathing buffer. For continuous stimulation with an elevated concentration of glucose, cells were either directly incubated in buffer containing the desired concentration of glucose or incubated in buffer containing 3.0 mM glucose and an aliquot of concentrated glucose (1 M) was added at the time of stimulation to obtain the desired concentration.
Zn 2+ images with FluoZin-3 were acquired with a 488 nm excitation and a 525 ± 10 nm bandpass emission filter. All images were stored on an optical disc cartridge (TQ-FH332; Panasonic Secaucus, NJ, USA) by an optical disc recorder (TQ-3038F) for later analysis. 
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Simultaneous Imaging of Zn 2+ and Ca 2+ at Cell Clusters Cells were loaded with 3 µM Fura Red acetoxymethyl (AM), a long wavelength emission Ca 2+ indicator, for 40 min in RPMI medium at 37°C. After loading, the cells were washed with KRB twice and incubated in KRB containing 2 µM FluoZin-3. Both FluoZin-3 and Fura Red are excited at 488 nM, but their emission maxima are at 516 and 655 nm, respectively. Therefore, FluoZin-3 Zn 2+ signal and Fura Red Ca 2+ signal can be simultaneously recorded at two separated channels using a 550 nm cut-off dichroic mirror and a 525 ± 10 nm bandpass filter for FluoZin-3 detection and a 595 nm long-pass filter for Fura Red detection. Under these experimental settings, no interference in fluorescence between these two dyes was observed.
Simultaneous Epifluorescence Imaging of Zn 2+ and Ca 2+ for Islets
Simultaneous imaging of extracellular Zn 2+ and [Ca 2+ ] i at single islets was accomplished using Fura-2 and FluoZin-3. Fura-2 is a ratiometric dye that exhibits approximately a 40 nm shift in excitation wavelength from 380 nm to 340 nm upon binding Ca 2+ . Since both excitation maxima for Fura-2 are sufficiently removed from that of FluoZin-3, it is possible to selectively detect Zn 2+ and Ca 2+ simultaneously by sequentially exciting each dye.
Islets were loaded with Ca 2+ dye by incubating them in 2 µM Fura-2 acetoxymethyl ester (Fura-2 AM) for 30 min in RPMI media at 37°C. Following loading, islets were washed and incubated in buffer containing FluoZin-3, as described above. Using a Xenon arc lamp (Lambda LS; Sutter Instruments, Novato, CA, USA) equipped with a filter wheel (Lambda 10-2), islets were sequentially illuminated at 340, 380, and 470 nm to selectively excite bound Fura-2, free Fura-2, and FluoZin-3, respectively. Emission was filtered through a 525 ± 10 nm bandpass filter. Images were acquired using a Quantex charge-coupled device (CCD) camera (Photometrics, Tucson, AZ, USA) with exposure times of 400 ms for each Fura-2 excitation wavelength and 100 ms for FluoZin-3, resulting in an image acquisition rate of approximately 0.5 Hz. Images were analyzed using MetaFluor software (Universal Imaging, Downingtown, PA, USA). Ca 2+ concentration was calculated from the ratio of the intensities at 340 and 380 nm, using a 2 point calibration (27) .
Data Analysis
Confocal images were played back from the optical disk cartridge and captured and analyzed using Simca image analysis software (C-IMAGING Systems, Cranberry Township, PA, USA). The temporal responses ( Figure  1B) Figure 1 . This latter result illustrates the decoupling of Ca 2+ and secretion that can occur with sustained stimulation.
The example in Figure 1 also illustrates cell-to-cell heterogeneity in secretion, as the top cell gave a strong secretion signal whereas the bottom cell had little secretion. This heterogeneity was common with clusters in that frequently only a few cells of the cluster were observed to give Zn 2+ release. In contrast, the [Ca 2+ ] i responses in all cells had similar amplitudes, as illustrated by the traces in Figure 1 , in agreement with previous reports that [Ca 2+ ] i responses are well synchronized and relatively homogeneous in clusters (17, 18) .
Oscillations at Cell Clusters
In some experiments, the cells were placed directly in 15 (Figure 2A ). Some groups have reported observing primarily slow oscillations (period of 2-5 min) at cell clusters (17, 18) . This discrepancy is not due to the presence of TPEN or the FluoZin-3, as a similar period was observed for Ca 2+ -only measurements (data not shown). As other groups have reported oscillations at single cells comparable to what is observed here (30), we believe that this variability may reflect subtle experimental differences in cell preparation.
The release of Zn 2+ was well synchronized between different regions of a cluster as illustrated by the oscillations of release occurring simultaneously in four ROIs around the cluster (Figure 2A) 
Complex Patterns of Secretion in Islets
We next attempted to monitor the dynamics of Zn 2+ secretion from single islets of Langerhans using this imaging approach. When islets were exposed to a step increase from 3 to 15 mM glucose, biphasic Zn 2+ secretion was typically observed as shown in Figure  3A . In the continuous presence of 15 mM glucose, regular oscillations in Zn 2+ secretion were observed for 38 of 47 islets. The oscillatory pattern varied with 22 islets displaying slow oscillations (average period of 154 ± 12 s, Figure 3B ), 11 islets displaying fast oscillations (average period of 21 ± 3 s, Figure 3C ), and 5 islets displaying a mixed pattern ( Figure 3D ). In three cases, slow oscillations developed into fast oscillations during the observation time. Islets without regular oscillations either showed sustained secretion or irregular oscillations in secretion.
The dip in Zn 2+ signal prior to the initial rapid rise (see Figure 3A) was observed in 12 of 15 islets and had an average duration of 54 ± 10 s. The basal fluorescence in islet imaging can be interpreted as detection of trace Zn 2+ in the buffer and basal secretion of Zn 2+ from islets. Therefore, these results suggest a decrease in secretion prior to the burst of first phase secretion. A glucose-induced transient decrease in [Ca 2+ ] i has previously been reported for both islets and dispersed β-cells (31) (32) (33) (34) (35) (36) . The decrease in [Ca 2+ ] i has been attributed to sequestration of Ca 2+ by sarcoplasmic and endoplasmic reticulum Ca 2+ -ATPases (SERCA) activated by the increase in ATP associated with glucose metabolism because it was sensitive to thapsigargin, a specific SERCA inhibitor. We found that the secretory dip was also completely eliminated in islets previously exposed to 4 µM thapsigargin (n = 6; data not shown). A similar glucoseinduced decrease in insulin secretion was reported when insulin secretion was measured in suspensions of β-cells (37, 38) . The results here confirm this observation and extend it to single islets and Zn 2+ release.
Images of secretion from whole islets during oscillations revealed synchrony around the islet as shown in Figure 4 . This result is similar to what was observed with the cell clusters, in that pulses occurred at all regions in synchrony. These images also illustrate that the confocal system allows detection of Zn 2+ released within the interstitial spaces of the cells in the inner regions of the cell. Examination of the interstitial regions and plots from two ROIs on opposite sides of the islet reveal heterogeneity of response around the islet as some regions are much more active than others. However, as illustrated in the figure, this heterogeneity can dissipate with time.
Attempts to record Zn 2+ secretion and [Ca 2+ ] i simultaneously in islets by confocal microscopy were not successful, apparently due to weak fluorescence and problematic loading of Fura Red into the islets. Simultaneous [Ca 2+ ] i and Zn 2+ secretion measurements, however, could be made using epifluorescence imaging and the ratiometric Ca 2+ dye, Fura-2, in combination with FluoZin-3. In this approach, the excitation wavelength is sequentially varied, and images are recorded for each wavelength with a CCD. An advantage of using Fura-2 is that quantification of [Ca 2+ ] i is based upon a fluorescence ratio rather than absolute fluorescence intensity, which lessens the impact of factors such as differences in dye concentration, uneven dye loading, and photobleaching, when compared to the nonratiometric Fura Red dye. These properties improve quantification, but they are still limited by nonlinearity at high [Ca 2+ ] i . To test this approach, islets were exposed continuously to 10 mM glucose with a typical result shown in Figure 5 . All of the islets tested in this fashion (n = 3) exhibited a combination of slow (312 ± 14 s) and fast (19.6 ± 0.2 s) oscillations in both [Ca 2+ ] i and 
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Zn 2+ secretion that were well correlated. Snapshot images of secretion ( Figure 5A, top) 
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coupling of Ca 2+ entry and exocytosis.
While the Zn 2+ secretion typically followed Ca 2+ changes, after prolonged stimulation, we observed loss of secretory response even as the Ca 2+ signal was maintained. This secretion "fatique" in the cells may represent loss of readily releasable vesicles, decrease in Ca 2+ sensitivity of the exocytosis machinery, or initiation of autocrine inhibitory mechanisms. This method should allow further study of this potentially significant effect.
The results presented herein are supported by a previous study (1) where Fura-2 measurements were performed simultaneously with radioimmunoassay (RIA) for insulin of the eluent collected from individual perfused islets. While this study demonstrated correlation between insulin release and [Ca 2+ ] i , the insulin assay method suffers from poor temporal resolution, providing one data point per 10 s and required artificially high extracellular [Ca 2+ ]. Other methods, such as amperometry (41) and capacitance (42) have been coupled to intracellular Ca 2+ measurements; however, these techniques do not offer the ability to simultaneously monitor from multiple cells, as provided by imaging.
Imaging of Zn 2+ Release as a Technique for Monitoring Secretory Dynamics
In this work, Zn 2+ release has been imaged, and given the co-storage and co-release of Zn 2+ and insulin, the results are likely reflective, at least qualitatively, of insulin secretory dynamics as well. Zn 2+ secretion reproduced known dynamics of insulin secretion such as first and second phase, oscillations, a decrease prior to first phase (also called zero phase), and sensitivity to nifedipine. Since a quantitative comparison of endogenous Zn 2+ release and insulin release has yet to be made, it is unknown whether Zn 2+ measurement could be used as a quantitative surrogate for insulin secretion. For example, differences of Zn 2+ and insulin distribution among secretory granules could lead to variation in the ratio of the amount of Zn 2+ and insulin released over time. In addition, while Zn 2+ is released by exocytosis of β-cell secretory granules, it is possible that nonexocytotic release of Zn 2+ from the cytosolic compartment occurs as well. Finally, while the vast majority of Zn 2+ in islets is found in β-cells, it is possible that some of the signals that are observed are due to release of Zn 2+ from α-cells as Zn 2+ has been observed in α-cell granules (43) . Given the known storage of Zn 2+ in β-cell granules and the good match of Zn 2+ with insulin secretory dynamics, it seems unlikely that these other factors contribute significantly to the large signals observed.
The novel observations made with this approach demonstrate the utility of imaging techniques for studying secretion and intercellular communication. Such methods should be a useful complement to traditional biochemical approaches for monitoring secretory dynamics. Insulin secretion is typically monitored from a suspension of cells or islets with low temporal resolution and without spatial resolution (2, 10) . Although techniques with high temporal resolution, such as amperometry and capacitance, have been used for monitoring secretion from single cells (9, 44) , it has been difficult to use these techniques for long-term monitoring of secretion. In addition, these techniques do not allow multiple cells to be monitored simultaneously, which is possible with an imaging method. The combination of high temporal and spatial resolution of this method made it possible to resolve fast pulses of secretion (10-to 30-s period) from single islets and cell clusters, synchronous release from multiple cells, and heterogeneity of secretion among groups of cells. At present, the method is limited by not providing the same level of quantitative information of insulin secretion as immunoassays. Another advantage of this method is the ease of coupling with Ca 2+ indicators for simultaneous monitoring of [Ca 2+ ] i and secretion. The spatial resolution will be especially useful for characterizing intercellular communication. The rapid response and ease of use of this method also suggest that it would be useful for screening drugs for potential effects on β-cell secretion and for testing islet secretory response prior to transplant. In summary, the versatility of this technique in monitoring the dynamics of secretion from single β-cells, clusters, and single islets with high sensitivity and temporal and spatial resolution will make it a valuable tool for physiological studies of secretion and biotechnology applications. 
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